, featuring folding of the C1s-C1r-C1r-C1s tetramer into a compact, "8"-shaped conformation C1r is the serine protease (SP) that mediates autoactithat, at the macroscopic level, account for the two-step vation of C1, the complex that triggers the classical activation process of C1. However, the mechanisms by complement pathway. We have determined the crystal which C1r activates itself, and subsequently cleaves structure of two fragments from the human C1r cataC1s, remain to be elucidated at the atomic level. To lytic domain, each encompassing the second compledecipher the structure and activation mechanism of hument control protein (CCP2) module and the SP doman C1, we have undertaken the dissection of this multimain. The wild-type species has an active structure, molecular complex [5]. Thus, the crystal structure of a whereas the S637A mutant is a zymogen. The struc- -dependent structure also explains the highly restricted substrate C1s-C1r-C1r-C1s catalytic subunit, a two-step process specificity of this protease, and opens the way to the involving C1r autolytic activation and subsequent C1r-
CCP2 module. Thus, in contrast to our initial hypothesis domain. As detailed in Figure 1C , chain at this level, further amplified through strand B6 along the chain toward the N-terminal end of the CCP2 module. However, this hinge has restricted flexibility, rational design of specific inhibitors. Finally, examinamainly due to structural constraints arising from the tion of the SP-SP interaction in the zymogen and active location of Val433 in between Pro432 and Cys434, the fragment crystals sheds light on the way these molelatter being connected by a disulfide bond to Cys560 cules may interact upon activation.
of the SP domain. Analysis of the CCP2-SP interface reveals that, compared to R446Q, the S637A structure Results and Discussion lacks several van der Waals contacts in the vicinity of the hinge region, and that several H bonds exhibit increased We have determined the three-dimensional structure of distances. Altogether, these modifications substantitwo fragments from the catalytic domain of human C1r.
ally destabilize the CCP2-SP interface in the S637A Both encompass the CCP2 module and the C-terminal structure. SP domain (residues 358-688) and were expressed in a baculovirus/insect cell system. The wild-type species (WT) is recovered as a cleaved, active protease, whereas Structure of the Active SP Domain the S637A mutant is stabilized in the uncleaved, proenAs expected, the active form of the C1r SP domain zyme state by means of substitution of Ala for the cataas seen in the WT fragment has a much more stable lytic Ser637(c195) residue (C1r numbering, followed by conformation than its zymogen counterparts. Only the chymotrypsinogen numbering in brackets, will be used short 493(c61D) Table 2 ). Some of these are due to insertions or deletions, as in surface loops A, B, D, 1, and 2, which have triad, its long axis being roughly perpendicular to the surface of the protease ( Figure 1A) . However, compared different lengths in C1s but otherwise exhibit similar conformations ( Figure 2 ). Loop A is shorter in C1r than to the virtually identical CCP2-SP assemblies seen in the two monomers of the homodimeric R446Q mutant in most of the other SPs except C1s, and shows an unusual orientation, with a 2-residue increase in the structure, the orientation of the CCP2 module with respect to the SP domain is substantially different in the length of the preceding ␤ strand. Loop B represents a major insertion, with up to 8 extra residues as compared monomeric WT and S637A fragments. 
Arg446-Ile447 cleavage site from a neighboring mole-
On the opposite side of the active site, the S1Ј site has a rather open structure defined essentially by resicule. The edge of the S1 pocket is formed in a typical manner by small residues, including Gly660(c216), dues of the A loop (also known as the "37 loop"; see Table 2 ), namely Phe463(c32), Thr464(c33), Ile466(c38), Gly662(c219), Gly668(c226), Ala632(c190), Ser658(c214), the active site Ser637(c195), and the Cys633(c191)-His467(c39), Gly468(c40), Arg469(c41), Gly471(c43), and Thr486(c58) (Figure 3 ). The neighboring S2Ј site, in conCys663(c220) disulfide bridge. A further canonical determinant of the S1 site in trypsin-like SPs that is conserved trast, is obstructed by Arg469(c41), a feature shared by the corresponding site of C1s [16] . The edge of the S2Ј in C1r is Asp631(c189), at the bottom of the S1 pocket. As previously observed in C1s [16] , the bottom of this pocket is made up of residues Gly635(c193), Gly580(c142), Phe463(c32), Phe579(c141), and Gln634(c192), the latter pocket is closed at the level of Tyr667(c225) and Pro626(c185). Thus, despite the presence of Tyr at posilying in between S2Ј and S1. Altogether, excepting S1 and S1Ј, the substrate binding subsites of C1r exhibit tion c225 in both C1r and C1s, neither of these proteases exhibits the Na ϩ binding channel seen in several haemosteric constraints that are likely to contribute to its highly restricted substrate specificity. conserved Gly(c193), Asp(c194), and Ser(c195), which hole and exhibits a local 3 10 helical structure, is remarktogether stabilize the negative charge that develops on ably conserved in the three models ( Figure 4A ). Altothe carbonyl oxygen of the transition state. In addition, gether, comparative analysis of the three zymogen this change contributes to the correct conformation of structures of the C1r SP domain reveals as many as one flank of the primary specificity pocket. Thus, the seven segments exhibiting relative distance shifts Ͼ3 Å . Asp631(c189) side chain, which is fully exposed at the surface in the zymogen, reaches its active position at the bottom of this pocket upon activation. Formation of C1r Activation Involves Concerted Conformational the correct specificity pocket also requires the conChanges in the Activation Domain certed conformational change of loop 2, at the S1 enand in Loop 3 trance frame. The C␣ atoms of Cys633(c191) and The conformational changes between the active and Cys663(c220) that link loops 1 and 2 by a disulfide bridge zymogen structures are summarized in Figure 4B . Besides the differences found at the flexible surface loops, move about 3 Å upon this conformational change. Over-all, the observed changes correspond to those occurring structural constraints are important determinants in the selectivity of C1r for its unique serum protein inhibitor, during activation of other known SPs. However, the amplitude of the shifts observed in loops 1 and 2 of C1r is C1 inhibitor. From the crystal structure of the active C1r SP domain, and the knowledge of the amino acid comparable to that observed in the coagulation/fibrinolysis and complement enzymes but much higher than sequences surrounding its cleavage site in its three substrates (i.e., C1s, C1 inhibitor, and itself), it should be that observed for the pancreatic enzymes.
Significant shifts are also observed in loop 3 (also possible to design synthetic inhibitors that will selectively block C1 activation at its initial stage. known as the "Met loop," residues 600[c165]-618[c178]), which is in the vicinity of loop 2 ( Figure 4B ). An important conclusion to be drawn from the present study is that, contrary to what was believed previously These conformational changes are likely to be involved in the concerted activation rearrangements, as the side based on available three-dimensional structures [16, 17] , the interface between the CCP2 module and the SP chain of Ile661(c217) in the active form reaches the position occupied by the side chain of Trp606(c171) in the domain in C1r is not completely rigid but exhibits some flexibility, due to the presence of a restricted hinge at S637A zymogen structure, whereas Tyr667(c225) moves to the position of Ala602(c167). Changes of reduced the level of Val433. This flexibility is likely to arise largely from the fact that, whereas the C1s CCP2-SP interface is amplitude (Ͻ4 Å ) were also observed in loop 3 during activation of plasminogen [30] . mostly stabilized by 3 tyrosine residues (Tyr375, Tyr376, and Tyr377) from the CCP2 module, the latter of these residues (position 395) is replaced by Lys in C1r. Thus, Conclusions it may be hypothesized that, as indicated by our previous The availability of three different proenzyme structures crystallographic analysis [16] , the CCP2-SP interface is of the C1r SP domain, obtained using two different cryscompletely rigid in C1s. In the case of C1r, the CCP2-tal forms, provides clear evidence that this zymogen SP interface is probably stabilized in the homodimeric has a highly flexible structure. This applies in particular R446Q structure, but is likely to be slightly flexible in to the activation site region of the SP domain and to the monomeric species. This flexibility may be relevant loop B, both exhibiting a high degree of mobility, as well to the function of C1r in C1, particularly the initial autoacas to loops D and 3, which have no matching electron tivation step, which is thought to be mediated by a density in any of the three structures. In contrast, the transient form generated by disruption of the homodidistorted oxyanion hole has a similar structure in all meric structure [17]. Indeed, limited flexibility at the three cases.
CCP2-SP interface may be useful to achieve productive The resolution of the active structure of the C1r SP positioning of one C1r molecule with respect to its partdomain allows a detailed analysis of the conformational ner in the confined space of the C1 macromolecule. The changes that take place during activation, and reveals same may be true for the subsequent C1r-mediated C1s multiple significant changes. Thus, major changes occur cleavage reaction, which again requires fine positioning on both sides of the activation site, and in loops 1, of the C1r active site with respect to the C1s activation 2, 3, and D. This is best illustrated by the oxyanionsite. stabilizing loop, which is the segment where the C1r zymogen structures are the most similar and where major changes take place upon activation, with a maximal Crystal Interactions Reveal Possible Intermediate States of the C1r Self-Activation Process shift of 8 Å . Loop E, in contrast, shows the same ␣-helical structure in all four available SP structures, proenzyme Although it is tempting to precisely model the enzymesubstrate activating complex based on the structures or active, monomeric (WT and S637A) or homodimeric (R446Q). Although this segment plays a central role in now available for the active and proenzyme C1r SP domains, this is made difficult by the fact that recognition the assembly of the R446Q dimer [17], it seems clear that its ␣-helical conformation, which is unique among involves flexible loops of both the enzyme and the substrate. However, information relevant to the C1r selfknown SP domain structures, is not acquired upon dimer formation. It does, however, allow the C1r catalytic doactivation mechanism may be drawn from the relative positioning of the molecules in the two crystal forms main to associate as a homodimer. Two further characteristic features of the C1r SP domain that may be inused in this study. In the previously reported structure of the dimeric CCP1-CCP2-SP C1r fragment [17], the volved in its particular catalytic functions are loop B and loop 3. Loop B, a major insertion of the C1r SP domain, relative positioning of the SP domains was totally unproductive in terms of activation (see Figure 5C ). In contrast, is the only disordered part of the active structure, and prevents access to the S2 substrate binding subsite. It is the crystal contacts observed in the two monomeric structures presented here are likely to be representative very likely, therefore, that this loop undergoes structural changes upon substrate and/or inhibitor binding, as obof different states of the activation process. Thus, the wild-type active molecules are packed in such a way served in thrombin [20] . Loop 3 has a longer ␣-helical structure in C1r than in other SP domains. Analysis of that they form an "enzyme-product" complex ( Figure  5A ) likely to be similar to the one occurring upon C1 the substrate binding subsites reveals restrained access to most of them, with the exception of S1 and S1Ј. It is activation. It should be mentioned, though, that there is a slight shift in the relative positioning of the SP domains noteworthy that the C1r catalytic activity is confined to the interior of the C1 complex and therefore is not nor-(about 6-7 Å ), due to the fact that Arg444 of the "product" is found in the active site pocket of the "enzyme" mally exposed to serum protein substrates, as is C1s. Therefore, it may be hypothesized that the observed instead of the expected Arg446. Overall, the positioning 
